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ABSTRACT:  A  comparison  was  made  of  constant  current  and  capacitor 
discharge  ignition  of  normal  lead  styphnate  in  the  time  regime 
typically  employed  for  firing  initiators  by  each  type  of  signal. 
The  loading  pressure  wae  varied  from  2,500  to  60,000  psi.  For 
the  regimes  studied,  as  the  explosive  loading  pressure  was  in¬ 
creased,  constant  current  activation  gave  longer  ignition  times 
but  capacitor  discharge  firing  gave  shorter  ignition  times.  The 
energy  requirement  for  ignition  increased  with  loading  pressure 
for  constant  current  ignition*  and  was  constant  for  capacitor 
discharge  ignition. 
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COMPARISON  OF  CONSTANT  CURRENT  AND  CAPACITOR  DISCHARGE  IGNITION 
OF  NORMAL  LEAD  STYPHNATE 

This  report  compares  the  effects  of  constant  current  and  capacitor 
discharge  activation  signals  (used  in  their  typical  time  regimes) 
on  the  ignition  of  normal  lead  styphnate  over  a  range  of  loading 
pressures .  The  work  was  performed  under  task  ORD  332  001/UF17  354 
314  Problem  201,  Explosive  Initiation  and  Safety. 

The  results  should  be  of  interest  to  persons  engaged  in  initiation 
research  and  in  the  design  of  electrical  initiators  and  power 
supplies  therefor „ 
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IHTROEfcCTXOK 


1.  The  effective  utilization  of  explosives  and  explosive  trains 
requires  a  thorough  understanding  of  the  initiation  process  and 
the  growth  of  explosion.  Many  factors  affecting  the  initiation 

of  explosives  in  explosive  components  have  still  not  been  explained. 
Further  studies  of  these  factors ,  both  chemical  and  physical,  is 
needed  in  order  to  build  safe,  reliable,  and  effective  fuze  trains. 

2.  There  is  increasing  interest  in  the  effect  of  various  electrical 
activation  signals  upon  thermally  activated  electro  explosive  devices 
(EED's) .  For  example,  military  specification  KXL-I-23659  for  in¬ 
sensitive  BED'S  places  upper  {all  fire-5  amperes,  50  milliseconds) 
and  lower  (no  fire-1  ampere,  5  minutes)  limits  on  the  constant 
current  sensitivity,  making  the  constant  current  characteristics 

and  functioning  timss  of  designer  interest,1  EED’s  meeting  the 
above  requirements  must  sometimes  be  fired  by  capacitor  discharge 
firing  circuits,  thereby  also  generating  interest  in  the  pulse 
firing  characteristics  and  functioning  times.2 

3.  Horael  lead  styphnate  (HbS)  is  probably  the  most  widely  used 
ignition  material  in  EED's .  Although  considered  a  relatively  poor 
initiating  material,  NLS  is  easily  ignited  by  a  hot  wire  and  has 
good  storage  properties. 

4.  The  effects  of  loading  pressure  on  the  hot  wire  ignition  of 
normal  lead  styphnate  by  capacitor  discharge  have  been  previously 
investigated.1  It  was  found  that  the  capacitor  discharge  energy 
requirement  of  HI#S  remains  fairly  constant  over  a  wide  loading 
pressure  range  and  the  average  ignition  time  decreases  as  the  load¬ 
ing  density  in  increased.  In  this  report,  the  effects  of  loading 
density  on  the  constant  current  ignition  of  NLS  are  examined  and 

a  comparison  is  made  with  the  capacitor  discharge  ignition  results. 
The  investigation  was  made  with  a  wire  size  typical  of  current  EED 
use-  and  the  results  are  believed  to  be  applicable  to  larger  diameter 
wires  used  in  insensitive  EED's. 
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EXPERIMENTAL 


5.  The  effect  of  loading  density  on  the  constant  current  ignition 
time  and  energy  requirement  of  HLS  was  investigated  at  three  loading 
pressures  -  2,500  psi,  10,000  psi,  and  60^000  psi*  The  tiiae  of 
ignition  was  determined  by  two  separate  techniques  -  the  "voltage 
inflection  technique 5  and  the  "light  pipe  technique"**  -  so  that 

a  comparison  could  be  made  of  the  two  methods.  Results  were  also 
compared  with  those  obtained  previously  by  capacitor  discharge.3 

6.  Firing  Circuit  -  A  d.c.  power  supply  in  conjunction  with  a 
mercury  vette^mi  1  lisecond  switch  was  used  to  produce  the  constant 
current  pulse.7  The  circuit  contains  a  15-oha  ballast  resistor. 

A  constant  current  level  of  Cb3  ampere  was  used  for  ignition  because 
this  value  gives  ignition  times  within:  the  control  period  of  the 
switch  and  will  not  burn  out  the  bridgeware  during  the  time  region 
of  interest.  An  equivalent  resistor  (within  0.25  ohm  of  the  bridge- 
wire  resistance  to  be  tested)  was  first  substituted  before  each 
shot  to  regulate  tc  the  desired  current  level  of  0.3  ampere . 

7.  Initiator  Plug  —  A  specially  modified  initiator  plug  was  used 
for  loading  the  explosive  on  the  bridgewire.  A  hole  was  drilled 
axially  through  the  initiator  plug  between  the  two  contact  pins, 
and  a  light  pipe  potted  in  this  hole  so  that  radiation  from  the 
initial  reaction  of  the  explosive  could  be  detected  and  transmitted 
to  a  photodetector  tube.  See  Fig.  1.  The  light  pipe  method  is 
described  fully  in  HOLTR  69-148.  The  plug  is  bridged  with  a  1-mil 
diameter  nichronse  wire  having  an  effective  length  of  0?05G  after 
soldering  co  the  contact  pins.  This  bridgewire  has  a  resistance 
range  of  2.5  to  4.0  ohms<- 

8.  Recorder  -  a  Tektronix  555  Dual-beam  Oscilloscope  with  two 
fast-rise.  Type  K  preamplifiers  was  used  to  observe  the  voltage 
across  the  wire  and  the  photodetector  tube  signal.  The  voltage 
inflection  technique  for  determining  the  ignition  time  requires  no 
special  equipment  other  than  a  means  of  monitoring  the  voltage 

(ZR  drop)  across  the  bridgewire  during  the  current  pulse.  In  addition 
to  determining  the  time  of  ignition,  the  observed  voltage  change  was 
employed  to  determine  the  bridgewire  temperature.  For  this  latter 
purpose  it  is  difficult  to  make  precise  measurements  of  the  voltage 
change  across  the  wire  when  the  entire  signal  amplitude  is  observed, 
since  there  is  only  a  4-8%  increase  in  resistance  before  ignition 
occurs.  Figure  2a  shows  the  voltage  signal  obtained  with  a  bare 
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bridgeware  using  a  72  billisecond  duration  pulse,  in  order  to  aispiif\ 
the  voltage  change  in  the  signal  by  using  a  high  oscilloscope  sensi¬ 
tivity,  the  beam  spot  moat  be  set  well  below  the  viewing  screen, 
then  only  the  signal  portion  of  interest  is  observed.  See  Fig.  2B. 

A  variable  bucking  voltage  can  be  employed  if  necessary  to  lower 
the  beam  spot  if  the  oscilloscope  vertical  position  dial  does  not 
provide  sufficient  latitude. 
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RESULTS 


9.  Constant  current  pulses  of  0.3-asipere  amplitude  saisUined  for 
a  longer  period  than  necessary  for  firing,  were  used  to  fire  tcs 
loaded  initiator  plugs  at  each  of  the  three  loading  pressures-  The 
ignition  times  «ere  observed  by  the  "voltage  inflection  technique* 
and  the  "light  pipe  technique*.  The  tvo  isethoes-  were  found  to 
corroborate  each  other,  indicating  the  sane  ignition  tine  withis 
the  resolution  of  the  millisecond  sweep  speeds.  See  Fig.  31.  The 
average  tiae  of  ignition  was  found  to  increase  ssrkedls  and  the 
calculated  teaperature*  of  the  bridgeware  at  the  tine  of  i coition 
to  drop  with  increasing  loading  pressure.  See  Table  T- 

1G.  Several  of  the  wire  temperature  excursions  were  Observed  to 
be  quite  irregular  when  subjected  t©  a  constant  current  pulse. 

See  Fig*  3B-  Prepuisfnc  of  all  the  vest  initiator  plugs  before 
leading  was  used  to  oinisize  the  irregular  changes.  Practising 
of  the  bride evire  with  a  0 . 5-ndlcrofarad  capacitor  charged  to  SO 
volts  before  loading  of  the  explosive  tends  to  produce  a  sore  linear 
resistance  change,  but  does  not  entirely  remove  the  irregularities. 
Irregularities  were  found  to  be  sore  prevalent  at  the  2#5GS~p*i 
loading  pressure  3hd  drop  off  as  the  loading  pressure  is  increased. 
No  irregular  resistance  changes  were  observed  at  the  60,SCHh5si 
loading  pressure.  Froa  this  observation,  one  sight  surmise  that 
the  irregularities  are  largely  due  to  stress  relief  fros  wire 
movement  during  the  heating,  and/or  changes  in  thersal  contact  with 
the  explosive. 


*  Calculated  freo  wire  resistance,  assuming  linear  increase  of 
resistance  with  temperature  in  observed  region. 
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Discessios 


11,  fhe  s«2Jiti¥itr  of  electro  explosive  device*  bis  ccavestioeal ly 
bees  oeteraioed  b»  capacitor  discharge  or  cyittart  csrresst 
Capacitor  gjadarge  drcclts  are  cssally  employed  sphere  a  rapid 
rate  of  esarsy  isssfc  is  desired.  *&is  1*  accsH^lished  by  caliog 
the  ^  discharge  iiae  short  in  canparisca  tar  the  coolios  rice  of 
the  briace«£re,  ssstallv  the  sc  tise  is  la  Use  xaicrcsecesd  regicss.c 
Cssstest'cerresh  poises”  are  issaallv  cot  esglpjes  is  the  low  sic— o— 
issccad  reoics  because  of  She  difficult?  of  soaping  rod  re-gelatine 
a  high  ssserege  scpare  «i»  js)se.  Topical  of  cccstasr  csxreot 
’raises  si^st  be  these-  erplcyed  by  nailery  acd  Goss5  >6q  osed  a 
csrreat  poise  sdsiss  ear  be  varied  is  ^ratios  frees  1  to  3  silli— 
seconds  asa  is  jajliteds  fee*  0.2  to  2  ampere.  Larger  arplitcdt  and 
lager  daxati.ee  poises  bare  recently  bees  employed  Sk  the  besting 
of  insensitive  LSD's.  ffee  raises  bereis  are  fairly  typical  of 
thj##  csesS  for  the  capacitor  discharge  aod  constant  cerrest.  v*re- 
shape*. 


22.  2b 


»  toe  effect  of  ica&i^  destitj 


the  bet  wire 


ipititb  tine  of  SIS,  the  iegiUcs  tire  «s  fossd  to  increase  «th 
iacraaai^#  density  wfesh  the  ccsstast  carresst  psslse  was  sled  So  best 
the  sire,  is  prssiecs  wKt  it  m*  Ssa&  that  the  iCsitioo.  tiae 
decreases  wits  increasing  density  ^feeas  ssiso  a  capacitor  discharge 
to  beat  the  wire.3  See  fig.  4.  It  can  be  seea  then  that  the  leash¬ 
ing-  detsity-i^sitico  tlae  effect  is  depeodest  spec  she  type  of 
electrical  fir  leg  signal-  2  djscatsios  follow  as  the  two  types 
of-  electrical  activation  signals. 

13.  Cosstant  Correct  -  Ssdsr  osoditicss  where  the  hrisSsewire  rerairs 
intact  when  heated  Hy  a  constant  carrest  poise,  the  trideggire  at 
first  heats  sp  rapidly  aad  then  apststioliy  approaches  a  lissitisag 
tessera  tore  as  egsilihrios.  ecsSities*  are  egorsaghed.  See  Fig.  3A- 
the  power  inpet  (?)  to  the  wire  daring  the  constant  ccrrest  III 
poise  will  rise  secordiag  to 


i^a  +  2S) 


sfcg  is  the  initial  resistance,  s  the  tbersai  coefficient  of  rests  rases, 
sad  *  the  terse  raters  rise,  'ft*  correct  levels  ccssstsiy  employee 
for  cctatarc  correct  firing  give  iaitiatics  mder  eoa-aSiaibatic 
condition*  -  is  the  silli»<^sd  tise  «sls;  -  3rd  that  is  free  of 
tie  verb  retorted  sere- 
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14.  When  the  explosive  is  poorly  coupled  (low  density)  to  the 
nichrome  bridgewire,  keeping  the  radial  loss  of  heat  from  the  wire 
at  ;  low  rate,  the  resiscance  rise  due  to  heating  effects  will 
occur  at  a  relatively  rapid  rate.  See  Fig.  5.  Therefore,  the 
power  input  to  wires  in  contact  with  low  density  explosive  will 
increase  more  rapidly  than  to  wires  in  good  thermal  contact  with 
the  explosive.  The  low  density  explosive  will  conduct  heat  away 
from  the  bridgewire  at  a  low  rate  due  to  its  poor  thermal  contact 
to  both  the  wire  and  with  itself.  One  might  then  anticipate  that 
the  fast  bridgewire  heating  observed  with  low  density  explosive, 
coupled  with  the  poor  heat  transmission  through  the  low  density 
explosive  will  cause  ignition  of  a  critical  volume  of  MLS  much  more 
rapidly  than  a  wire  in  good  contact  with  the  explosive.  This  is 
observed  to  occur  even  though  a  higher  ignition  temperature  exists 
for  the  explosive  due  to  the  shorter  period  of  heat  exposure. 

15.  An  important  controlling  factor  appears  to  be  heat  conduction 
through  the  explosive  away  from  the  granules  adjacent  to  the  wire. 

See  Table  II.  The  table  indicates  that  under  the  non-adiabatic 
conditions  of  the  constant  current  pulse,  the  heat  loss  is  an 
important  factor  in  determining  the  probability  and  time  of  ignition. 

Of  interest  to  the  present  study  is  a  paper  by  Austing  and  Weber 

who  in  the  examination  of  the  constant  current  ignition  of  metal- 
metal  oxide  mixtures  noticed  that  increases  in  density  increased 
the  time  to  ignition.9  Even  though  the  thermal  conductivity  of  MLS 
is  approximately  three  magnitudes  lower  than  the  metal-metal  oxide 
mixtures,  the  heat  transmission  is  sufficiently  affected  by  the 
loading  density  to  exhibit  the  same  type  of  effect. 

16.  In  constant  current  initiation  the  longer  the  required  period 
of  current  flow,  the  greater  the  energy  requirement.  Therefore, 
the  denser  the  NLS,  the  greater  the  ignition  energy  requirement  in 
the  non-adiabatic  time  region. 

17.  Capacitor  Discharge  -  During  a  capacitor  discharge,  for  the 
experimental  parameters  used,  the  wire  heats  rapidly,  reaching  the 
maximum  temperature  near  the  end  of  the  discharge.  It  then  under¬ 
goes  a  comparatively  long  cooling  cycle.  See  Fig.  6.  The  SLS 
can  ignite  either  during  the  course  of  the  temperature  rise  or 

during  the  cooling  period  of  the  wire  •  in  the  present  constant  current 
tests  however,  ignition  must  occur  during  the  temperature  rise  since 
the  pulse  length  was  made  intentionally  longer  than  the  ignition  time. 

18.  Capacitor  discharge  parameters  commonly  used  to  effect  hot 
wire  initiation  usually  give  initiations  in  the  microsecond  time 
region.  syring,  et  al,  in  studying  heat  conduction  into  a  grain 
of  100  u  diameter  have  shown  the  grain  surface  requires  1  to  10 
microseconds  to  reach  the  temperature  of  the  heating  bath.^  The 
center  of  the  grain  can  remain  cool  for  times  up  to  100  microseconds 
See  Fig.  7.  The  diagrams  are  for  a  fully  immersed  grain.  For  a 
comparison  with  wire  heating,  one  can  assume  heat  entry  from  only 
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one  surface  with  a  grain  thickness  of  5  -  10  u,  Only  the  first 
few  layers  of  explosive  adjacent  to  the  wire  will  be  of  importance 
for  discharge  times  in  the  order  of  microseconds. 

19.  Even  for  the  short  times  involved  in  a  capacitor  discharge, 
the  temperature  excursion  of  the  bridgewire  is  dependent  upon  the 
degree  of  coupling  to  the  explosive.  A  wire  poorly  coupled  to  the 
explosive  (low  density)  will  reach  a  higher  temperature  and  cool 
at  a  slower  rate  than  one  in  good  thermal  contact  with  the  explo¬ 
sive.  3  This  indicates  a  slower  transfer  of  heat  from  the  wire  to 
the  explosive,  in  general,  the  poorer  the  thermal  contact,  the 
later  the  time  of  ignition  due  to  the  slower  heat  transfer.  Even 
with  fairly  good  coupling,  the  temperature  of  the  explosive  would 
be  expected  to  lag  that  of  the  wire  as  indicated  by  the  results  of 
Eyring,  et  al.  If  ignition  does  not  occur  on  the  temperature  rise 
of  the  wire,  and  the  wire  temperature  remains  above  the  ignition 
temperature  of  the  explosive,  heat  transfer  will  continue  and 
ignition  can  occur  during  the  wire  cooling  phase.  Ignition  is 
possible  until  the  wire  temperature  drops  below  the  explosive  igni¬ 
tion  temperature. 

20.  The  energy  requirement  for  the  ignition  of  NLS  remains  constant 
over  a  wide  density  range  even  though  the  heat  capacity  of  the 
bridgewire  system  increases  with  loading  pressure.  The  exact 
explanation  is  unknown  at  this  time  but  it  appears  to  have  some 
connection  with  the  rate  of  heat  transfer.  Greater  heat  losses 

to  the  inert  parts  appear  to  occur  at  the  lower  densities  because 
of  the  slower  heat  transfer  to  the  explosive,  thereby  equalizing 
the  energy  requirement  over  a  wide  density  range. 

21.  Implications  -  It  can  be  surmised  from  the  above  discussions 
that  for  fast  rates  of  energy  input  the  thermal  contact  resistance 
between  the  wire  and  the  explosive  is  of  prime  importance  while 
for  slow  rates  of  energy  input,  the  energy  input  rate  in  comparison 
■jo  the  cooling  time  is  of  prime  importance.  It  is  well  known  An 
capacitor  discharge  work  that  as  the  capacitance  is  increased  and 
the  firing  voltage  decreased,  more  energy  is  required  for  firing 
since  the  initiation  process  becomes  non-adiabatic.  Conversely, 

as  the  constant  current  level  is  increased,  the  initiation  process 
approaches  an  adiabatic  condition  and  less  energy  is  necessary - 
The  phenomena  observed  therefore,  cannot  be  attributed  to  the  type 
of  waveform  used,  but  to  the  time  regime  in  which  each  waveform 
is  typically  employed.  One  would  therefore  expect  that  as  the 
input  times  from  the  two  types  of  electrical  signals  approach  each 
other  at  some  intermediate  time  region,  density  effects  upon  the 
ignition  time  would  gradually  lessen  because  of  the  opposing 
tendencies  with  perhaps  the  cooling  effect  predominating.* 

^Measured  cooling  time  constants  for  the  experiments  reported  here 
are  2600  microseconds  at  2.5-K  psi  loading  pressure  and  1400  micro¬ 
seconds  at  60-K  psi  loading  pressure.  Thermal  lag  effects  appear 
to  be  important  up  to  100  microseconds. 
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22.  The  results  are  of  interest  in  the  design  of  insensitive  EED's. 
They  show  that  the  insensitivity  of  JtJLS  (and  most  likely  other 
styphnates)  to  non-adiabatic  constant  current  ignition  can  be  in¬ 
creased*  by  increasing  the  loading  pressure  and  yet  not  affect  the 
energy  sensitivity  to  capacitor  discharge.  The  occurrence  of  faster 
ignition  times  with  capacitor  discharge  initiation  as  the  loading 
pressure  is  increased  would  in  most  cases  be  considered  a  favorable 
condition. 

23.  Analysis  of  hot  wire  initiation  is  sometimes  limited  to  a  study 
of  the  bridgewire  temperature  history.  It  can  be  seen  from  the 
constant  current  results  that  the  relationship  between  the  bridge- 
wire  temperature  and  the  probability  of  initiation  can  be  somewhat 
tenuous  over  an  experimental  parameter  range  (i.e.,  density)  where 
ignition  temperatures  varying  from  339  to  450° C  were  derived  from 
the  wire  resistance  change.  The  relationship  between  the  bridge- 
wire  temperature  and  the  probability  of  initiation  depends  upon 
such  diverse  factors  as  thermal  contact  resistance,  variation  of 
explosive  initiation  temperature  with  time  of  exposure  to  heat 
source,  radial  loss  of  heat,  and  particle  size  of  the  explosive. 

The  bridgewire  temperature  has  been  successfully  used  for  mathema¬ 
tical  predictions  based  upon  a  specific  set  of  conditions,  but  care 
should  be  taken  when  there  is  any  parameter  variance. 


*A  f£ve  to  one  constant  current  energy  increase  was  effected  under 
the  experimental  conditions.  See  Appendix  A  for  supplemental  tests 
with  an  insensitive  bridge  element. 
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CONCLUSIONS 


24.  The  effect  cf  loading  density  on  the  ignition  of  NLS  depends 
upon  the  type  of  electrical  activation  signal.  For  very  short 
activation  tines  (microsecond  region)  the  thermal  contact  resistance 
between  the  bridgewire  and  the  explosive  appears  to  be  of  prime 
importance.  For  longer  input  times-  (millisecond  region),  heat  loss 
through  the  explosive  appears  to  be  the  prime  consideration. 

25.  The  time  of  ignition  and  energy  requirement  of  NLS  will  in¬ 
crease  with  increasing  density  when  employing  a  constant  current 
pulse  in  its  typical  time  regime  (non-adiabatic  region) .  This 
technique  can  be  employed  to  assist  NLS  to  meet  the  1-amp/l-watt 
no-fire  requirement  of  MIL- 1-23659. 

26.  At  high  constant  current  inputs  (ca.  5  amperes)  where  adiabatic 
conditions  are  being  approached,  changes  in  the  density  of  NLS  have 
a  negligible  effect  upon  the  time  of  ignition  and  energy  require¬ 
ment. 

27.  Studies  relating  the  bridgewire  temperature  to  the  probability 
of  initiation  should  be  carefully  examined  when  any  parameter  is 
varied. 
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TABLE  2 

EPFECT  OP  LOADING  PRESSURE  ON  CONSTANT  CURRENT  (0.3  AMPERE) 
IGNITION  CHARACTERISTICS  OP  NORMAL  LEAD  STYPHNATE 
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TABLE’  II 

ENERGY  DIVISION  FROM  CONSTANT  CURRENT  PUL 
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PLUG  FACE  BEFORE  LOADING 


LOADED  INITIATOR  PLUG 


FIG.  1  MODIFIED  INITIATOR  PLUG 
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TIME  - : - ► 

(A)  TYPICAL  VOLTAGE  DROP  WITH  IGNITION  OCCURRING 


NOT  REPRODUCIBLE 


SWEEP  SPEED  -  10  MILLISECONDS/  DtV 
2,500  PSI  LOADING  PRESSURE 


TIME  - 

{Bi  IRREGULAR  VOLTAGE  DROP  WITH  IGNITION  OCCUR3JNG 


PIG  -  3  EXPERIMENTAL  OSCILLOGRAMS 


ignition  rm  (microseconds) 
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APPENDIX  A 


A-l.  The  effect  of  loading  pressure  on  the  sensitivity  of  NLS  with 
the  Mk  101  type  1-amp/l-watt  ribbon  bridge^  was  briefly  examined  to 
determine  if  the  investigation  results  were  applicable  to  actual 
hardware.  The  plug  element  only  was  employed  in  these  tests.  It 
consists  of  the  glass/kovar  plug,  the  evanohm  bridge  element,  plastic 
insulator,  and  aluminum  charge  holder.  See  Table  A-l. 

A. 2.  The  results  in  Table  A-I  show  that  the  insensitivity  of  NLS 
can  be  increased  at  the  lower  current  levels  (non-adiabatic  region) 
by  increasing  the  loading  pressure.  At  the  5-ampere  "all  fire 
level",  the  increase  in  insensitivity  is  negligible  (as  one  would 
expect  when  approaching  adiabatic  conditions)  and  the  ignition  time 
will  be  well  within  the  50  millisecond  functioning  requirement  of 
MIL-I-23659. 


A-l 
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TABLE  A- I 


CONSTANT  CURRENT  TEST  RESULTS  FOR  NLS  ON 


1 -AMPERE/1 

-WATT  RIBBON 

BRIDGE 

Current 

(amps) 

Loading  Pressure 
(K  psi) 

Resistance 
(ohms ) 

Time  of 
Current 
Flow 

Results 

1-2 

10,000 

1  •  24 

5.0  mins 

No  fire 

1,2 

10,000 

1.26 

0.82  " 

Fired 

1.2 

10,000 

1.27 

1.48  " 

Fired 

1.2 

10,000 

1.28 

0.55  " 

Fired 

1.2 

10,000 

1.28 

2.87  ** 

Fired 

1.2 

60,000 

1.23 

5.0  mins 

No  fire 

1.2 

60,000 

1.27 

5.0  " 

No  fire 

1.2 

60,000 

1.28 

5.0  " 

No  fire 

1.2 

60,000 

1.28 

5.0  " 

No  fire 

1.2 

60,000 

1.28 

5.0  " 

No  fire 

5.0 

10,000 

1.27 

4 . 3  msec 

Fired 

5.0 

10,000 

1.29 

2.6  " 

Fired 

5.0 

10,000 

1.31 

2.6  " 

Fired 

5.0 

60,000 

1.27 

2.9  msec 

Fired 

5.0 

60,000 

1.28 

2.7  *' 

Fired 

5.0 

60,000 

1.29 

6.2  " 

Fired 
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